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1.0 Introduction 

Economic design of fluidized bed combustors requires a combination of fluidizing 
velocities and particle sizes which result in the unavoidable carry over of bed 
solids, coal char particles and unburned gaseous combustion products into the free- 
board. 
will burn, and also 
freeboard of the fluidized combustor - between the top of the bed and the first row 
of the convective tube bank. 
cient and clean operation of fluidized combustors,until recently little attention 
was paid to the understanding of the freeboard reactions. Pereira et a1 (1) and 
Gibbs et a1 ( 2 )  have determined chemical species concentration variation along the 
height of a 30 x 30 cm cross section fluidized bed and found that significant reduc- 
tion of NO, takes place above the bed surface. Okada et a1 ( 3 )  have shown that the 
fine sorbent particles entrained into the freeboard will enhance sulfur capture and 
that the entrained char particles will react with NO, and reduce its emission. 

Depending upon the design parameter% the last 5 to 10% of the combustibles 
significant reduction of SO2 and NOx will take place, in the 

Despite the importance of the freeboard to the effi- 

In earlier designs of fluidized combustors the problem posed by unacceptably 
high carbon carry over at fluidizing velocities was resolved by the introduction of 
the fines precipitated from the flue gas into a "carbon burn-up cell," an uncooled 
fluidized bed operating at lower fluidizing velocity. In recent designs, instead of 
the carbon burn-up cell the method of fines reinjection into the fluidized bed is 
adopted. In order to achieve operational simplicity the fines 'in most practical 
applications are added to fresh feed and returned into the bed. Fines reinjection 
significantly increases the fine particle concentration in the bed and in the free- 
board with the consequence of further enhancing the rate of the heterogeneous reac- 
tions of char oxidation, and SO2 and NO reduction in the freeboard. 

Modeling of the freeboard reactions has been hindered by incomplete understand- 
ing of the processes which govern the entrainment of bed solid particles into the 
freeboard and the mixing of these solids with the reactant gas. Entrainment models 
by George and Grace (4), Wen and Chen (5) and Horio et a1 ( 6 )  have fulfilled an 
important role in predicting solids concentration in the freeboard,but due to a 
dearth of experimental information on entrainment rate as a function of the fluidiza- 
tion parameters of the bed, these models could not be rigorously tested and developed 
to the stage where they can be incorporated into FBC combustion models with suffi- 
cient confidence. 

The importance of the NO-carbon reaction for the reduction of NO in fluidized 
combustion of coal was recognized and experimentally demonstrated by Pereira and 
Be& (7), Gibbs et a1 (2)  and Furusawa et a1 (8). Kinetic parameters for this reac- 
tion were reported by Be& et a1 (9), 
found that the NO-char reaction can be significantly enhanced in the presence of CO. 

The problems of predicting NO, reduction in the freeboard with sufficient accu- 
racy are not only due to uncertainties about solids entrainment but also about the 
relative significance that CO, coal volatiles, volatile nitrogen compounds,or hydro- 
carbons may have on NO reduction (Sarofim and Begr ( 1 2 ) ,  Yamazaki et a1 (13)). In 
recent experimental studies at MIT detailed hydrocarbon species concentration mea- 
surements by Walsh et a1 (14) have shown that CO and hydrocarbon concentrations are 
high in the "splash zone" immediately above the bed so that their effect on NO reduc- 

Kunii et a1 (10) and Chan (11). Chan also 
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t i o n  i n  t h i s  r eg ion  may no t  be neg lec t ed .  

In  t h e  fo l lowing ,  model c a l c u l a t i o n s  are presented  of t h e  r educ t ion  of NO along 
t h e  he ight  of t h e  f reeboard  of t h e  MIT 0.6 x 0.6m c r o s s  s e c t i o n ,  4.5m high  f lu id i zed  
bed. In t h e  model a new approach is made t o  t h e  p r e d i c t i o n  of s o l i d s  concent ra t ion  
i n  t h e  f reeboard  (Chaung (15))which is a s s i s t e d  by measurement d a t a  on t h e  descend- 
ing  f l u x  of p a r t i c l e s .  The NO r educ t ion  a long  t h e  h e i g h t  above t h e  bed i s  then pre- 
d i c t e d  from exper imenta l  i n fo rma t ion  on t h e  carbon con ten t  of bed s o l i d s  and the  
chemical k i n e t i c  r a t e  equa t ion  on t h e  NO-carbon r e a c t i o n .  The NO r educ t ions  so ca l -  
cu la ted  are then compared wi th  measurement d a t a  ob ta ined  burning bituminous and sub- 
bituminous c o a l s  i n  t h e  0 . 6  x 0.6m M I T  exper imenta l  f a c i l i t y .  

2.0 P a r t i c l e  Entrainment i n  t h e  Freeboard 

2 . 1  Theory of Par t ic le  Entrainment 

A model has  been developed f o r  t h e  en t ra inment  of p a r t i c l e s  from t h e  bed i n t o  
t h e  f reeboard  of a f l u i d i z e d  combustor. Its purpose is t o  provide  an e s t ima te  of 
t h e  t o t a l  s u r f a c e  a r e a  of each s o l i d  s p e c i e s  p a r t i c i p a t i n g  i n  chemical r eac t ions  i n  
t h i s  zone. The model i s  based on t h e  fo l lowing  assumptions: 

1. Burs t ing  bubbles eject p a r t i c l e s  i n t o  t h e  f r eeboa rd .  

2 .  P a r t i c l e - p a r t i c l e  i n t e r a c t i o n s  and w a l l  e f f e c t s  a r e  n e g l i g i b l e .  

3 .  The changes i n  m a s s  and s i z e  of a p a r t i c l e  due t o  chemical r e a c t i o n  while 

4 .  I n t e r a c t i o n  of t h e  concen t r a t ion ,  tempera ture ,  and v e l o c i t y  g r a d i e n t s  

5. The i n i t i a l  v e l o c i t i e s  of p a r t i c l e s  e j e c t e d  from t h e  bed a r e  g iven  by a 

i n  t h e  f reeboard  are n e g l i g i b l e .  

sur rounding  each p a r t i c l e  a r e  n e g l i g i b l e .  

semi-empirical  log-normal d i s t r i b u t i o n  having a geometric mean va lue  pro- 
p r o t i o n a l  t o  bubble v e l o c i t y .  

bubble growth model of Mori and Wen (16) .  
6 .  Bubble d iameters  are determined by t h e  h e a t  exchanger tube  spac ing  and the  

The sequence of s t e p s  i n  t h e  c a l c u l a t i o n  of p a r t i c l e  d e n s i t y  (mass of par- 
t i c l e s /vo lume  of g a s - p a r t i c l e  mixture)  is a s  fo l lows :  

1. The i n i t i a l  v e l o c i t i e s  of t h e  p a r t i c l e s  l eav ing  t h e  bed are g iven  by the  

2 .  

assumed semi-empirical  v e l o c i t y  d i s t r i b u t i o n .  

The i n i t i a l  f l u x  o f  p a r t i c l e s  is p r o p o r t i o n a l  t o  t h e  f l u x  of bubbles a t  t h e  
top  of t h e  bed. The p r o p o r t i o n a l i t y  f a c t o r  is determined by equat ing  t h e  
k i n e t i c  ene rg ie s  of  a b u r s t i n g  bubble  and t h e  p a r t i c l e s  which i t  e j e c t s .  

The equat ion  of motion is so lved  f o r  each p a r t i c l e  s i z e  and i n i t i a l  velo- 
c i t y  t o  determine t h e  p a r t i c l e  t r a j e c t o r i e s .  

4 .  The p a r t i c l e  d e n s i t y  is determined from t h e  r a t i o s  of f l u x  t o  v e l o c i t y  a t  
each  f reeboard  h e i g h t .  T o t a l  d e n s i t y  is found by summing t h e  con t r ibu t ions  
from a l l  s i z e s  and i n i t i a l  v e l o c i t i e s .  

3 .  

Because s o l u t i o n  of t h e  equa t ions  of motion is time-consuming, f o r  t h e  r equ i r ed  
range of p a r t i c l e  s i z e s  and i n i t i a l  v e l o c i t i e s ,  a s i m p l i f i e d  v e r s i o n  of t h e  model 
was a l s o  developed, based on two a d d i t i o n a l  assumptions: 

7. Small p a r t i c l e s ,  having  ut < ug, ascend w i t h  cons t an t  v e l o c i t y ,  vs = ug - 
U t '  

The d rag  f o r c e  i s  n e g l i g i b l e  on p a r t i c l e s  having u 8. 
t L ug. 
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Chaung (15) showed t h a t  t h e  d e v i a t i o n  of t h e  par t ic le  f l u x e s  p red ic t ed  by t h e  two 
models w a s  less than  t h e  u n c e r t a i n t y  i n  t h e  r e s u l t s  of t h e  more a c c u r a t e  ve r s ion .  

De ta i l ed  d e s c r i p t i o n  of t h e  e s s e n t i a l  f e a t u r e s  of t h e  model. 

I n i t i a l  v e l o c i t y  d i s t r i b u t i o n .  

A log-normal f i t  w a s  made t o  t h e  d i s t r i b u t i o n  of e j e c t e d  p a r t i c l e  v e l o c i t i e s  
g iven  by George and Grace ( 4 ) .  which were normalized t o  the  a b s o l u t e  bubble velo- 
c i t ies ,  Ub. The geometr ic  mean p a r t i c l e  v e l o c i t y  and s t anda rd  d e v i a t i o n  were 2.44 
Ub and 1.43, r e spec t ive ly .  

I n i t i a l  Entrainment 

George and Grace ( 4 ) ,  def ined  a parameter ,  5, equa l  t o  t h e  r a t i o  of t h e  
volumes of en t r a ined  p a r t i c l e s  and b u r s t i n g  bubble.  Using t h i s  parameter ,  t h e  en- 
t ra inment  from t h e  bed s u r f a c e ,  Eo, can be  expressed  by 

Glicksman e t  a l .  (17)  g ive  an expres s ion  f o r  t h e  v i s i b l e  bubble flow r a t e ,  Qb. v a l i d  
over t h e  e n t i r e  range  of bubble volume f r a c t i o n ,  6 :  

2) 

The t o t a l  energy of a bubble be fo re  b u r s t i n g  can be  equated t o  t h e  energy of 
t h e  en t r a ined  p a r t i c l e s  and t h e  energy of t h e  bubble through-flow gas .  The t o t a l  
energy of t h e  bubble is given  by t h e  fo l lowing  equa t ion  from Davidson and 
Harr i son  (18) : 

3)  
1 2 (KE)b = - 2 % , e f f  "b 

where t h e  e f f e c t i v e  mass of a bubble ,  % ,e f f ,  i s  

1 %,eff  = 7 (mass of f l u i d  d i sp laced  by t h e  bubble) 

Def in ing  t h e  root-mean-square v e l o c i t y  of t h e  en t r a ined  p a r t i c l e s  as v t h e  t o t a l  
k i n e t i c  energy of t h e  p a r t i c l e s  e j e c t e d  by t h e  bubble is: P '  

where 

The k i n e t i c  energy of bubble through-flow gas  is approximately 

which i s  usua l ly  n e g l i g i b l e  compared wi th  o r  (KE) The energy ba lance ,  i . e . ,  
P'  (KE)b S (KE)p, then  y i e l d s :  2 

U. 
b 

2 7  

5 =- 
2 

P 
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The abso lu te  bubble v e l o c i t y  i s  g iven  by 

The bubble d i ame te r ,  d b , . a t  t h e  top of t h e  bed was found by assuming an i n i t i a l  d i -  
ameter equal t o  t h e  spac ing  of  t h e  h e a t  exchanger t u b e s ,  and growth accord ing  t h e  
c o r r e l a t i o n  of Mori and Wen (16 ) .  Th i s  r e s u l t ;  wi th  t h e  assumed v e l o c i t y  d i s t r i -  
bu t ion ;  Equations 2 ,  8,  and 9 ;  and t h e  a p p r o p r i a t e  exper imenta l  d a t a ;  p rovide  t h e  
informat ion  r equ i r ed  t o  c a l c u l a t e  t h e  i n i t i a l  en t ra inment  by Equation 1. No assump- 
t i o n  has been made r ega rd ing  t h e  sou rce  of t h e  p a r t i c l e s ,  i . e . ,  whether they  or ig-  
i n a t e  i n  the  wake or  t h e  cap of  a bubble.  

Ca lcu la t ion  of P a r t i c l e  Dens i ty  

The equa t ion  of motion of  t h e  p a r t i c l e s  is 

Sub jec t  t o  t h e  i n i t i a l  c o n d i t i o n s  

v = v  a t Z = O  11) s s i  

The t o r a l  p a r t i c l e  d e n s i t y  p r o f i l e  a long  t h e  f r eeboa rd  i s  obta ined  by summing 
up a l l  the c o n t r i b u t i o n s  from ascending  and descending p a r t i c l e s .  

( a l l  p a r t i c l e  s i z e s )  

( a l l  i n i t i a l  v e l o c i t i e s )  

The c a l c u l a t i o n  must be r epea ted  6000 times i f  t h e  p a r t i c l e  s i z e  range  i s  d iv-  
ided i n t o  60 i n t e r v a l s  and t h e  i n i t i a l  v e l o c i t y  d i s t r i b u t i o n  i n t o  100 i n t e r v a l s .  

The S impl i f i ed  Model 

I n  order  t o  save computer t i m e  t h e  model was s i m p l i f i e d  by neg lec t ing  the 
t r a n s i e n t  t e r m  f o r  s m a l l  p a r t i c l e s  and t h e  d rag  f o r c e  term f o r  l a r g e  p a r t i c l e s .  
equa t ions  t o  be  so lved  are then :  

The 

< ug) ,  vs = ug - u t f o r  sma l l  p a r t i c l e s  (u 

f o r  l a r g e  p a r t i c l e s  (u > u ), 
t -  g 

which gives f o r  ascending p a r t i c l e s  

v =  S J.’ s i  - 2gz (PS - Pg) 

PS 
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The maximum height  t h a t  a l a r g e  p a r t i c l e  can reach  is 
z 

' s  vsi Hmax = 2 ( P s  - Pg)g 

f o r  descending p a r t i c l e s  

v S = -  J-) = 

Since t h e  l o c a l  v e l o c i t y  of each p a r t i c l e  i s  obta ined  i n  a n a l y t i c  form, t h e  p a r t i c l e  
d e n s i t y  (Equation 12) y i e l d s  a closed-form express ion:  

(Large p a r t i c l e s  
P ( Z )  = 2(1-Yc)Eo fidvsi no t  e l u t r i a c t e d )  

J 
I 

(1-y )E f . d v  (Large p a r t i c l e s  
e l u t r i a t e d )  c 0 1  s i  

2 
vsi -2€!Z(Ps-Pg)/Ps 

(Small p a r t i c l e s  
e l u t r i a t e d )  18) 

I > y(d  ) 
u (d ) < u i s  t h e  m a s s  f r a c t i o n  of sma l l  p a r t i c l e s ,  and f i  d vsi 

YC 
where 

r e p r e s e n t s  t h e  mass f r a c t i o n  of p a r t i c l e s  wi th  an  i n i t i a l  v e l o c i t y  between v a n d v  . 
+ dv .. The v a l i d i t y  of t h e  approximations made i n  s impl i fy ing  t h e  nodel  wasSi 

by comparing t h e  par t ic le  c e n s i t i e s  p red ic t ed  by t h e  two methods (15) .  The 
maximum discrepancy  was less than  30% of the  p a r t i c l e  d e n s i t y  p red ic t ed  by t h e  com- 
p l e t e  model, and t h e  s i g n i f i c a n t  f e a t u r e s  of bo th  d e n s i t y  p r o f i l e s  were i d e n t i c a l .  
The r e s u l t s  presented  h e r e  were obta ined  us ing  t h e  s i m p l e r  model. 

Two Component Bed 

t P i  g 

s1 
s1 

When t h e  bed :,as two components, f o r  example a very sma l l  amount of char  mixed 

Assuming t h a t  t h e  s t r a t i f i c a t i o n  f a c t o r  is equal  t o  t h e  
wi th  s t o n e ,  t h e  i n i t i a l  en t ra inment  of t h e  c h a r ,  Eo 
t o t a l  i n i t i a l  en t ra inment .  
d e n s i t y  r a t i o .  

, is  a sma l l  f r a c t i o n  of t h e  

The i n i t i a l  v e l o c i t y  d i s t r i b u t i o n  f o r  t h e  char  i s  t h e  same as €or  t h e  s t o n e ,  and the  
t o t a l  char  d e n s i t y  is found by t h e  same procedure as b e f o r e ,  wi th  p i n  p l a c e  

s ,c 
of Ps.  
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2.2  Measurement of P a r t i c l e  F lux  

A l l  of t h e  experiments desc r ibed  i n  the  p re sen t  paper were performed using t h e  
M.I .T .  F lu id i zed  Combustion Research F a c i l i t y ,  shown i n  F igu re  1. The combustor 
h a s  a square  c ros s - sec t ion ,  0.6m x 0.6m; and t h e  t o t a l  h e i g h t ,  from d i s t r i b u t o r  t o  
e x i t ,  of 4.5m. The system has been desc r ibed  i n  d e t a i l  e l sewhere ,  (Be& e t  a l .  
(19)) 

The mass f l u x e s  of p a r t i c l e s  e x t r a i n e d  i n  t h e  f r eeboa rd  a t  v a r i o u s  s u p e r f i c i a l  
g a s  v e l o c i t i e s  w e r e  measured i n  co ld  flow experiments by c o l l e c t i n g  descending par- 
t i c l e s  a t  v a r i o u s  h e i g h t s  above t h e  s u r f a c e  of  t h e  f l u i d i z e d  bed. The p a r t i c l e  
c o l l e c t i n g  probe w a s  formed by c u t t i n g  a 22mm diameter  tube  i n  h a l f  l engthwise ,  SO 
t h a t  i t  c o l l e c t s  p a r t i c l e s  f a l l i n g  through a narrow s t r i p  on one a x i s  of t h e  com- 
b u s t o r  c ros s - sec t ion .  The bed w a s  a s i n g l e  ba t ch  of Ottawa S i l i c a  Sand (grade t20).  
Fine  p a r t i c l e s  w e r e  removed from t h e  bed by running  f o r  s e v e r a l  hours  p r i o r  t o  
making t h e  f l u x  measurements. During t h e  experiments a t t r i t i o n  of bed p a r t i c l e s  and 
e l u t r i a t i o n  of f i n e s  were n e g l i g i b l e .  The bed p a r t i c l e  s i z e  d i s t r i b u t i o n  had a geo- 
m e t r i c  mean d iameter  of 720 2 50um, determined by s i e v e  a n a l y s i s .  The bed was f lu -  
i d i z e d  by ambient a i r  supp l i ed  by fo rced -d ra f t  blowers.  Bed tempera ture  (average) 
and p res su re  ( a t  t h e  d i s t r i b u t o r )  were 330 2 20 K and l l l k  2 kPa, r e s p e c t i v e l y .  
S u p e r f i c i a l  v e l o c i t y ,  c a l c u l a t e d  f o r  t h e  empty tude  a t  t h e  bed tempera ture  and pres- 
s u r e ,  was va r i ed  from 0.42 t o  0.86 m / s .  
a t  minimum f l u i d i z a t i o n  were 0.37 5 0.02 m / s  and 0.50 2 0.01, r e s p e c t i v e l y .  

The s u p e r f i c i a l  v e l o c i t y  and void  f r a c t i o n  

For measurement of t h e  p a r t i c l e  f l u x e s ,  t h e  probes were f i r s t  o r i e n t e d  upside- 
down u n t i l  s t e a d y  bed c o n d i t i o n s  were achieved a t  t h e  d e s i r e d  s u p e r f i c i a l  ve loc i ty ;  
t h e  probe w a s  t hen  r o t a t e d  t o  f a c e  upward and c o l l e c t  t h e  descending p a r t i c l e s .  
A f t e r  s u f f i c i e n t  t i m e  had e l apsed  t o  approximately h a l f - f i l l  t h e  probe ,  t h e  blowers 
were stopped, and t h e  p a r t i c l e s  removed and weighed. Sampling t imes  v a r i e d  from 1 
minute  t o  10 hour s ,  depending on  he igh t  and s u p e r f i c i a l  v e l o c i t y .  The method r e l i e s  
upon t h e  assumption t h a t  t h e  pa ths  of p a r t i c l e s  i n  t h e  v i c i n i t y  of t h e  probe, moving 
e i t h e r  upward o r  downward, a r e  n o t  s i g n i f i c a n t l y  a f f e c t e d  by t h e  motion of t h e  gas 
around the  probe. 

2 . 3  Comparison o f  t h e  Measured and P red ic t ed  P a r t i c l e  Flow Rates 

The complete set of exper imenta l  p a r t i c l e  flow d a t a  were r epor t ed  by Mayo (20) .  
An exponent ia l  decay of t h e  p a r t i c l e  f low rate wi th  h e i g h t  w a s  observed ,  having a 
c h a r a c t e r i s t i c  l e n g t h  which inc reased  wi th  inc reas ing  gas  v e l o c i t y .  

Some r e p r e s e n t a t i v e  d a t a  p o i n t s  are shown i n  F igure  2 ,  t oge the r  w i th  t h e  cor- 
responding flow rates c a l c u l a t e d  us ing  t h e  en t ra inment  model. The p red ic t ed  pro- 
f i l e s  show a sma l l  r eg ion  of approximate ly  cons t an t  p a r t i c l e s  flow rate j u s t  above 
t h e  bed, followed by an approximately exponen t i a l  decay h ighe r  i n  t h e  f reeboard .  
The model t h u s  d i s p l a y s  a p rope r ty  analogous t o  t h e  " sp la sh  zone" observed a t  the  
top  of bubbling f l u i d i z e d  beds.  Agreement between t h e  c a l c u l a t e d  and experimental  
p r o f i l e s  is b e s t  f o r  t h e  in t e rmed ia t e  gas  v e l o c i t i e s ,  w i t h  t h e  p red ic t ed  flow r a t e s  
g e n e r a l l y  l a r g e r  t han  t h e  observed v a l u e s .  

The f luxes  of  ascending  and descending p a r t i c l e s ,  and t h e  p a r t i c l e  d e n s i t y  f o r  
t h e  c a s e  wi th  gas v e l o c i t y  equa l  t o  0.53 m / s ,  are shown i n  F igu re  3. 
d i c t s  a maximum i n  t h e  d e n s i t y  nea r  t h e  bed s u r f a c e ,  where most of t h e  l a r g e  p a r t i c l e s  
change d i r e c t i o n  and r e t u r n  t o  t h e  Le2. 
become cons tan t  a t  a he igh t  of about  2 m ,  where only sma l l  p a r t i c l e s ,  moving a t  con- 
s t a n t  v e l o c i t y  equa l  t o  u 
" t r anspor t  d i sengaging  heFght". 

The model pre- 

Ascending p a r t i c l e  f l u x  and d e n s i t y  

- u t ,  con t inue  upward. This  p o i n t  is t h e  so-ca l led  
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3.0 N i t r i c  Oxide Reduction i n  t h e  Freeboard 

3.1 The Mechanism of N i t r i c  Oxide Reduction 

The model f o r  NO r educ t ion  i n  t h e  f reeboard  has  been under development f o r  some 
time. An earlier ve r s ion ,  having a less complete d e s c r i p t i o n  of p a r t i c l e  e n t r a i n -  
ment, was employed by Beer e t  a1 (21) f o r  t h e  p r e d i c t i o n  of  NO p r o f i l e s .  Des t ruc-  
t i o n  of NO i n  t h e  f reeboard  is  assumed t o  occur by he terogeneous  r e a c t i o n s  wi th  t h e  
coa l  char  en t r a ined  from t h e  bed: 

NO + C = CO + 112 N2 

2 NO + C = C02  + N2 

P lug  flow i s  assumed f o r  t he  gas phase,  and t h e  char  p a r t i c l e  d e n s i t y  i s  c a l c u l a t e d  
us ing  t h e  model f o r  p a r t i c l e  en t ra inment  descr ibed  i n  Sec t ion  2, above. 
change of NO concen t r a t ion  w i t h  he ight  is given  by: 

The rate of 

20) 

where A i s  t h e  s p e c i f i c  s u r f a c e  a r e a  of cha r  a v a i l a b l e  f o r  r e a c t i o n ,  and p is t h e  
ca l cu la t ed  char  p a r t i c l e  d e n s i t y .  
i n t e r e s t  have been r epor t ed  by Chan (11). 

Rate c o e f f i c i e n t s  i n  t h e  tempera ture  rang8 of  

k = 5.95 T exp(- Ea/RoT) m / s  

Ea = 81.6 x l o 6  J/lur,ol 

T 5 1016 K 

and by Song (22): 

3 k = 4 . 1  x 10 T exp(- Ea/RoT) m / s  

Ea = 

T > 1016 K. 

136.8 x lo6 J/kmol 

The s u r f a c e  a r e a  assumed f o r  t h e  subbituminous c o a l  cha r  w a s  based on t h e  C02- 
BET s u r f a c e  a r e a s  r epor t ed  f o r  l i g n i t e  and brown c o a l  c h a r s  by Guerin e t  a l .  ( 2 3 ) ,  
Smith and Tyler  (24),  and Ashu e t  a1 ( 2 9 .  These workers r epor t ed  s p e c i f i c  s u r f a c e  
a r e a s  ranfin! from 5 t o  7 x l o 5  m2/kg f o r  p a r t i c l e  s izes  from 89 t o  2000 pm. A va lue  
of 6 x 10 
bituminous cha r  was taken  n e a r  t h e  lower l i m i t  of t h e  range  r epor t ed  by Smith (26): 
1.5 x 105 m2/kg. 
exposed t o  NO a t  t h e  concen t r a t ion  and tempera ture  found a t  t h e  e x t e r i o r  of t h e  par- 
t i c l e s  ( e f f e c t i v e n e s s  f a c t o r  of u n i t y ) .  

m / kgwas  used i n  t h e  p re sen t  c a l c u l a t i o n s .  The s u r f a c e  a r e a  of t h e  

The char i s  t r e a t e d  a s  if a l l  of i t s  i n t e r n a l  s u r f a c e  area were 

N i t r i c  oxide p r o f i l e s  a r e  found by i n t e g r a t i n g  Equation 20, s t a r t i n g  wi th  t h e  
exper imenta l ly  measured concen t r a t ion  a t ,  o r  n e a r ,  t h e  s u r f a c e  of t h e  bed. 

3.2 Measurement of Gas Composition and Char P r o p e r t i e s  

Gas samples were withdrawn from the  combustor through s t a i n l e s s  s teel  probes .  
With t h e  except ion  of t he  continuous sampling probe 4 . l m  above t h e  d i s t r i b u t o r ,  a l l  
t h e  probes were water cooled. 
q u a r t z  f i l t e r s  having pore  s i z e s  vary ing  from 90 t o  150 u m  and sample openings 
14 .3  mm i n  diameter.  Those loca ted  i n  t h e  f reeboard  had qua r t z  ~ r o o l f i l t e r s .  The 

: Probes l o c a t e d  i n  t h e  bed were equipped wi th  s i n t e r e d  
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accuracy  of t h e  r epor t ed  a x i a l  p o s i t i o n s  o f  t h e  probes  is  s u b j e c t  t o  a n  unce r t a in ty  
of f 40 mm; the probe t i p  I o c a t i Q n s  r e l a t i y e  t o  t h e  c e n t e r l i n e  of t h e  combustor 
i e d  from 50 t o  170 mm. The gas  sample con t inuous ly  withdrawn a t  z = 4.lm passed 
through a KF 310 Heated Bypass F i l t e r  (Permapure Products ,  Oceanport ,  N . J . )  to  a 
hea ted  l i n e ,  and was d r i e d  by permeat ion d i s t i l l a t i o n .  Th i s  sample w a s  analyzed 
us ing  Beckman Model 865 non-dispers ive I R  a n a l y z e r s  f o r  CO and C O 2 ,  a thermoelectron 
Model 10 Chemiluminescent NOx a n a l y z e r ,  and a Beckman Model 755 Paramagnetic oxygen 
ana lyze r .  The gas  sample 
from t h e  o t h e r  probes  were d r i e d  by permeation d i s t i l l a t i o n ,  c o l l e c t e d  i n  250 cm 
bu lbs  f o r  a n a l y s i s  on a HI? 5830 A g a s  chromatograph. 
d e t e c t e d  u s i n g  flame i o n i z a t i o n ,  and  C O ,  Cog, N2, and 02 by thermal conduc t iv i ty .  A 
thermoelec t ron  Model 10 NOx a n a l y z e r ,  w a s  a l s o  used t o  measure t h e  NO mole f r a c t i o n  
i n  t h i s  sample. The flow ra te  was 2 t o  20 x 

3 The t o t a l  sample f low ra te  w a s  about  loF4 m3/s  (NTP). 

Hydrocarbons C 1  through C3 were 

m 3 / s  (NTP). 

A gas sample withdrawn from t h e  bed and mixed i n  a bu lb  i s ,  i n  a s i m p l i f i e d  
p i c t u r e ,  a mixture  of gases  withdrawn from t h e  emulsion and bubble phases .  A t  
t y p i c a l  ope ra t ing  cond i t ions  t h e  composi t ion i s  h e a v i l y  b i a sed  toward t h e  emulsion 
(Walsh e t  a1 (27) ) .  I n  o r d e r  t o  d i s t i n g u i s h  t h e  NO con ten t s  of t h e  emulsion and 
bubble phases,  t h e  l eng th  and d i ame te r  of t h e  sample l i n e  t o  t h e  NO ana lyze r  were 
minimized s o  t h a t  a time-dependent NO mole f r a c t i o n  was observed. The measured NO 
mole f r a c t i o n s  are shown i n  F igu res  4-9, w i t h  b a r s  i n d i c a t i n g  t h e  maximum and minimum 
va lues  recorded. An a n a l y s i s  by P e r e i r a  e t  a1 (28) concluded t h a t ,  i n  t h e  presence 
of excess  a i r ,  NO i s  greater i n  t h e  emulsion than  i n  bubbles ;  and t h a t  under s to i ch i -  
ome t r i c  or sub-stoichiometr ic  c o n d i t i o n s  t h e  NO concen t r a t ions  i n  the  two phases a r e  
i d e n t i c a l .  To determine t h e  mixed-mean NO mole f r a c t i o n  a t  t h e  t o p  of t h e  bed, the  
average  of t h e  re la t ive maxima observed i n  t h e  time-dependent NO s i g n a l  w a s  assigned 
t o  t h e  emulsion, and t h e  ave rage  of t h e  r e l a t i v e  m i n i m a  w a s  ass igned  t o  t h e  bubbles.  
The two averages  w e r e  then  weighted acco rd ing  t o  t h e  r e l a t i v e  f low rates of  bubble 
and emulsion gas:  

Th i s  weighted va lue  is shown as a d a t a  po in t  at t h e  top of t he  bed i n  F igu res  6-8; 
i t  is t h e  i n i t i a l  v a l u e  used when Equat ion 2 0  i s  i i i t eg ra t ed  s t a r t i n g  a t  Z=O. 

Bed s o l i d  samples were withdrawn us ing  a probe loca ted  0.66m above t h e  d i s t r i b -  
u t o r .  The probe  was s t a i n l e s s  s tee l ,  wa te r  cooled ,  and had a N2 quench stream co- 
c u r r e n t  with t h e  sample. The o u t e r  and  i n n e r  d iameters  of t h e  probe  were 44mm and 
19m, respec t ive ly .  
water cooled cyc lone  and c o l l e c t e d  i n  a cooled v e s s e l .  The i n e r t  bed mater ia l  w a s  
O t t a w a  s i l i c a  sand. 
l e c t e d  i n  Runs C25-28 i n  o rde r  t o  determine t h e  cha r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
Th i s  was done by f r o t h  f l o t a t i o n .  A r e p r e s e n t a t i v e  sample of  t h e  bed s o l i d s  w a s  
i n t roduced  i n t o  a f l o t a t i o n  c e l l  which conta ined  a s t i r r e d  kerosene-water emulsion 
toge the r  wi th  4-methyl-2-pentanol. The s t i r rer  keeps  t h e  s o l i d s  i n  suspens ion ,  
b reaks  t h e  kerosene i n t o  f i n e  d r o p l e t s ,  and d i s p e r s e s  i t  uniformly. 
i n t roduced  through a s i n t e r e d  s t a i n l e s s  steel  f i l t e r  a t  t h e  bottom of a c e l l ,  form- 
i n g  bubbles  which adhere  t o  t h e  cha r  p a r t i c l e s  and l i f t  them up forming a f r o t h ,  
wh i l e  t h e  sand and a sh  p a r t i c l e s  were s e l e c t i v e l y  depressed .  
i n  a f i l t e r i n g  funne l  and t h e  c h a r  p a r t i c l e s  c o l l e c t e d  on t h e  f i l t e r .  
a i r  d r i e d  f o r  24 hours  and i t s  s i z e  d i s t r i b u t i o n  determined us ing  a Joyce Leobl 
"Magiscan" Image Analyzer.  
t h e  s p h e r e  with volume equa l  t o  t h e  volume of t h e  sphero id  genera ted  by r o t a t i o n ,  
about  t h e  major a x i s ,  of t h e  e l l i p s e  d e f i n e d  by t h e  l e n g t h  and b read th  of t h e  par- 
t i c l e .  
t h e  p a r t i c l e s  and t h e  t o t a l  mass of r h a r ;  t h e  r e s u l t s  are g iven  i n  Table  2 .  
s i z e  d i s t r i b u t i o n  f o r  Run C22 w a s  found by s i e v i n g  t h e  bed sample and measuring t h e  
weight l o s s  on i g n i t i o n  of  each  s i z e  f r a c t i o n ;  i n  Run A14 t h e  d i s t r i b u t i o n  w a s  

The e x t r a c t e d  p a r t i c l e s  w e r e  s epa ra t ed  from t h e  gas  stream i n  a 

The c o a l  c h a r  w a s  s epa ra t ed  from ash  and sand p a r t i c l e s  co l -  

Nitrogen w a s  

The f r o t h  was co l lapsed  
The char  was 

The s i z e  of  each p a r t i c l e  was def ined  as t h e  d iameter  of  

A n  apparent  c h a r  d e n s i t y ,  ps c ,  was determined from t h e  c a l c u l a t e d  volume of 
The char 
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assumed t o  be  i d e n t i c a l  t o  t h a t  of t h e  feed  coa l .  The s o l i d  d e n s i t i e s  of t he  char  
i n  Runs A14 and C22 were e s t ima ted  from publ i shed  d a t a .  

Two coa l s  were used i n  t h e  p r e s e n t  experiments:  bituminous coa l  from t h e  Ark- 
Wright mine i n  the  P i t t s b u r g h  seam and subbituminous c o a l  from t h e  C o l s t r i p  mine i n  
the  Rosebud seam i n  Rosebud County, Montana. The composition of t hese  c o a l s  i s  
given i n  Table 1. 

The s i z e  d i s t r i b u t i o n  of t h e  f u e l  and bed p a r t i c l e s  were determined by s i e v e  
a n a l y s i s .  A l l  of t h e  s i z e  d a t a  f o r  f u e l ,  bed, and char p a r t i c l e s  were f i t  by log- 
normal d i s t r i b u t i o n  func t ions .  The geometric means (mass b a s i s )  and s tandard  devia- 
t i o n  a r e  l i s t e d  i n  Table 2.  The s i z e s  were converted t o  a s p e c i f i c  s u r f a c e  a r e a  
b a s i s  f o r  t h e  computations. The f l u i d i z e d  combustor ope ra t ing  cond i t ions  and r e l -  
evant experimental  da t a  a r e  a l s o  l i s t e d  i n  Table 2 .  The da ta  from Runs A 1 4  and C22  
were f i r s t  repor ted  by Beer et  a1 (19).  

3 .3  Comparison of t h e  Measured and P red ic t ed  N i t r i c  Oxide P r o f i l e s  

The NO p r o f i l e s  p red ic t ed  by t h e  model a r e  shown i n  F igures  4-9, t oge the r  wi th  
the  experimental  da t a .  When t h e  c a l c u l a t i o n  is  s t a r t e d  a t  t h e  bed s u r f a c e  ( s o l i d  
l i n e  i n  Figures 4 and 5,  do t t ed  l i n e  i n  F igures  6 - 8 )  t h e  agreement wi th  experiment 
i s  good f o r  Runs A 1 4 ,  C22,  and C 2 5 ;  bu t  very poor f o r  Runs C 2 6  and C28, i n  which 
t h e r e  i s  a very r ap id  decrease  i n  NO j u s t  above t h e  bed, and a d iscrepancy  of about 
200 mole ppm between t h e  p red ic t ed  and observed NO mole f r a c t i o n s .  There a r e  not  
enough da ta  t o  suppor t  a c o r r e l a t i o n  of t h i s  behavior wi th  ope ra t ing  cond i t ions ,  
however, i t  can be seen from t h e  d a t a  i n  Table 2 t h a t  C26 and C28 have t h e  lowest 
bed temperatures and lowest gas  v e l o c i t i e s .  When c a l c u l a t i o n  of t h e  NO concentra- 
t i o n  f o r  t hese  two runs  i s  s t a r t e d  a t  t h e  next  h igher  da t a  p o i n t ,  e x c e l l e n t  agree- 
ment wi th  experiment i s  obta ined  from t h a t  p o i n t  upward ( s o l i d  l i n e s ) .  

I n  Run C27 the  combustor was opera ted  us ing  two-stage a d d i t i o n  of t h e  combustion 
a i r ,  wi th  t h e  secondary a i r  i n j e c t o r  l oca t ed  1 . 7 m  from t h e  d i s t r i b u t o r .  The a i r / f u e l  
r a t i o  i n  the  bed was sub - s to i ch iomet r i c ,  g iv ing  very low NO near  t h e  top of t he  bed. 
The i n c r e a s e  i n  NO mole f r a c t i o n  on a d d i t i o n  of t h e  secondary a i r  i n d i c a t e s  t h a t  
some f u e l  n i t rogen  s p e c i e s ,  n o t  de t ec t ed  i n  t h e  NO mode of t h e  NOx ana lyze r ,  a r e  
p re sen t  i n  the  gas l eav ing  t h e  bed. When t h e  c a l c u l a t i o n  of t h e  NO p r o f i l e  is begun 
a f t e r  mixing of t h e  secondary a i r ,  t h e  mechanism of t h e  cha r  entrainment/NO-char 
r educ t ion  model is s t i l l  c o n s i s t e n t  wi th  t h e  exper imenta l  da t a .  

The p red ic t ions  of t he  combined model f o r  char  en t ra inment  and NO r educ t ion  a r e  
i n  good agreement wi th  t h e  observed NO p r o f i l e s  a t  d i s t a n c e s  above 0.5m from t h e  bed, 
i n  t h e  absence of s t aged  a i r  a d d i t i o n ;  t h e  model i s  no t  a b l e  t o  account f o r  t h e  rap id  
reduct ion  of NO observed i n  t h e  s p l a s h  zone under some cond i t ions .  There a r e  s e v e r a l  
phenomena, no t  incorpora ted  i n  t h e  model, which might account f o r  a steep g r a d i e n t  i n  
NO concen t r a t ion  i n  t h e  s p l a s h  zone. F i r s t ,  t h e  r educ t ion  of NO may only  be an  ap-  
pa ren t  one due t o  u n c e r t a i n t y  i n  t h e  de te rmina t ion  and weight ing  of t h e  bubble and 
emulsion gas compositions.  The estimate of t he  mixed mean gas  composition i n  t h e  bed 
(Equation 21)  depends on t h e  model used t o  e s t i m a t e  p a r t i t i o n i n g  of t h e  gas between 
bubble and emulsion. 
composition, f o r  example, v a r i a t i o n  i n  t h e  sample flow r a t e  wi th  the  concen t r a t ion  of 
s o l i d s  a t  t he  probe t i p ;  and mixing of t h e  sample i n  t h e  probe ,  sample l i n e ,  and re -  
a c t i o n  chamber of t h e  NO ana lyze r .  A second s e t  of phenomena which might account f o r  
r ap id  r educ t ion  of NO i n  t h e  s p l a s h  zone is  t h e  a l t e r n a t e  r e a c t i o n  pathways f o r  de- 
s t r u c t i o n  of NO, i nc lud ing  r educ t ion  by CO,  hydrocarbons,  and NH3. Chan (11) has 
shown t h a t  t he  NO-char r e a c t i o n  i s  enhanced i n  t h e  presence  of CO, t h e  e f f e c t  in -  
c r eas ing  wi th  dec reas ing  tempera ture .  
is a l s o  p o s s i b l e .  
ppm/s .m2  on alumina, i n  t h e  presence  of 1000 mole ppm CO a t  1041 K. 
a c t i o n  was approximately f i r s t  o r d e r  i n  CO and ze ro th  o rde r  i n  NO, f o r  NO above 300 
mole ppm. 

Other f a c t o r s  may c o n t r i b u t e  t o  t h e  u n c e r t a i n t y  i n  bed gas  

Reaction of NO and CO, ca ta lyzed  by c o a l  a s h ,  

The r a t e  of re- 
Mori and Ohtake (29)  measured an NO decomposition r a t e  of  273 mole 
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Nitric oxide reduction by methane, with reduction of up to 700 mole ppm NO in 
0.5 s ,  was observed in NO-CH4-02-CO2-Ar mixtures at 1323 K by Yamazaki et a1 (13). 
The temperature dependence of the rate is not reported so the possible contribu- 
tion of this process at 1040-1100 K cannot be determined. Although the reduction 
of NO was only significant for O2/CH4 mole ratios of about 0.5 to 2 . 0 ,  such condi- 
tions might exist locally during mixing of gases in the splash zone of the fluid- 
ized bed. 

Reactions of NO with NH3 such as: 

NO -I NH3 = H20 -I N2 -I 1/2H2 

(Duxbury and Pratt (30)) are another possible contribution to the rapid NO disappear- 
ance at the top of the bed. Neither ammonia nor NOx was measured in the present 
experiments, so the contribution of this reaction cannot be precisely estimated. 
However, the increase in NO observed in run C27 on addition of secondary air is 
evidence that N-containing species other than NO may be present in the freeboard at 
least under sub-stoichiometric conditions. De Soete (31) determined an overall 
rate expression for the homogeneous reaction between NO and NH3 giving N2 from mea- 
surements in ethene/oxygen flames over the temperature range 1800 to 2400 K. 
reaction is first order with respect to both NO and NH3. 
range is far from fluidized combustor conditions, however, the rate expression pre- 
dicts an initial NO destruction rate of 140 mole ppm/s at 1040 K in a mixture con- 
taining 600 mole ppm each of NO and NH3. 
utes to NO reduction in the splash zone. If it does contribute, the optimum (from 
the point of view of NO emissions) primary stoichiometric ratio in a configuration 
with staged air addition, may be one at which some NO is left unreduced at the top 
of the bed, providing a reactant for direct conversion of NH3 to N2 in the splash 
zone. 

The 
The applicable temperature 

It is possible that this reaction contrib- 

4.0 Conclusions 

A mechanistic model for particle entrainment into the freeboard has been de- 
veloped and used in conjunction with a chemical kinetic description of the NO-char 
reaction for prediction of the reduction of NO along the height of the freeboard in 
fluidized c o a l  combustion. Bed conditions, including the mass fraction of char in 
the bed, are input to the model. Predicted NO profiles showed good agreement with 
experimental data obtained while burning bituminous and subbituminous coals under a 
variety of operating conditions. The steep reduction in NO observed in the splash 
zone immediately above the bed in some cases could not be adequately explained by 
the present model. This result points to the importance of the reactions in the 
splash zone, where it is thought that NO reducing reactions other than the NO-char 
reaction will have to be taken into account for satisfactory prediction of the 
NO profile under all conditions. The model is now in a form in which it can be 
integrated into system models for predicting NO emissions as a function of operating 
conditions. 
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2 Specific BET surface area of char (m /kg) 
2 Cross sectional area of the bed. (m ) 

Drag coefficient 

NO concentration (kmole/m ) 

Bubble diameter (m) 

Geometric mean diameters of bed particles, char particles, and fresh 
coal particles, respectively (m) 

Activation energy (J/kmol) 

Mass flow rates of downward and upward moving particles, respectively 

3 

(kg/s) 

Initial entrainment rates of stone and char particles from the bed 
surface, respectively (kg/s) 

Total freeboard height (m) 

Rate coefficient (units variable) 

Expanded bed height (m) 

Mass of a single particle (kg) 

Visible bubble volume flow rate (m / s )  

Gas constant = 8314 J/kmol * K 

Bubble radius (m) 

Temperature (K) 

Bed temperature (K) 

Gas temperature (K) 

Absolute bubble velocity (m/s) 

Superficial gas velocity ( m / s )  

Minimum fluidization velocity (m/s) 

Particle terminal velocity ( m / s )  

Downward and upward particle velocities, respectively (m/s) 

3 

Particle local velocity and particle initial velocity, respectively 
( m / s )  

Root-mean-square particle initial velocity ( m / s )  
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xk 
y C  

z 

Z 

5 

Mole f r a c t i o n  of s p e c i e s  k 

Mass f r a c t i o n  of cha r  i n  t h e  bed 

Dis tance  above t h e  d i s t r i b u t o r  (m) 

Dis tance  above t h e  bed s u r f a c e  (m) 

Volume f r a c t i o n  of p a r t i c l e s  ejected per  b u r s t i n g  bubble  

Bed voidage a t  minimum f l u i d i z a t i o n  

Local d e n s i t y  of s t o n e  and cha r  p a r t i c l e s ,  r e s p e c t i v e l y ,  a t  f ree-  
board he igh t  Z ,  (kg/m3) 

3 Gas d e n s i t y  (kg/m ) 

Sol id  d e n s i t i e s  of S tone  and c h a r ,  r e s p e c t i v e l y  (kg/m ) 

Bubble volume f r a c t i o n  

Geometric s t anda rd  d e v i a t i o n s  of f r e s h  c o a l  p a r t i c l e s ,  bed p a r t i c l e s  
and char  p a r t i c l e s ,  r e s p e c t i v e l y  

3 

TABLE 1. ANALYSIS OF COALS 

Analysis Bituminous,  Arkwright, Subbituminous, C o l s t r i p  Mine, 
(wt % )  P i t t s b u r g h  Seam Rosebud Seam, Rosebud County, MT 

Proximate ( a s  r e c e i v e d )  

moi s t u  r e  1 .6 

ash 8 .01  

v o l a t i l e  matter 33.93 

fixed carbon 56.46 

U 1 ti mat e 

C 

H 

N 

S 

0 

ash 

( d a f )  

76 .36  

5.23 

1.47 

2 .61  

5.26 

( a s  r ece ived)  

19.19 

8.29 

2a .74 

43.78 

( d r y )  

67.80 

4.45 

1 .oo 
.59 

15 .91  

10.25 
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TABLE 2. OPERATING CONDITIONS AND EXPERIMENTAL DATA 
(pressure = 101 kPa) 

* *  
R u n  Number A14 c2 2 C25 C2 6 C2 7 C2 8 

Coal Type B i t u m -  Sub b i t  u- Su bbi tu- Subbitu- Subbi t u -  Subbi t u -  
minous minous minous minous minous minous 

a, ( u r n )  674 1000 1750 1750 2100 2100 

a f  1.87 1.8 1 .83 1.83 2.12 2.12 

Stoichiometric 1 . l g  1.22 1.21 1 .E5 1.02 1.07 
a i r / fue l  r a t i o  

1105 1134 1110 1050 1095 1040 

- - 1002 9 32 1043 988 

0.98 1.46 1 .oo 0 .80 0.94 0.86 

6 8 4 .1  1.7 2 .3  - 

Xo ( 2 ~ 4 . 1  m )  

(mole %) 
2 3.2 4 .O 3.5 1.5 

0.9 

0.14 

2 0.9 1.5 0.25 2.1 

X ( ~ ~ 4 . 1  m )  

(mole I )  
co < O  .005 <0.005 0.11 

XHc(z=0.9 m )  

(mole %) 

0.2 0.02 0.32 0.03 0.78 

8 15 

1.42 

1300 

1 .32 

800 800 7 60 

1 . 4 4  1.44 1.35 

720 

1.37 
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Table 2 Cont'd 

Run Number A14 c22 C25 C2 6 C27* C28 

Coal Type Bitum- Su bbi tu- Subbitu- Subbitu- Subbitu- Subbi t u -  
minous minous minous minous minous minous I 

1 
I 

1.55 J 

ac ( M )  674* 1123 2300 2300 2300 240 0 
1 

0 1.87 1.41 1.55 1.54 1.52 

Apparent char 1400 1200 915 909 9 30 920 
so l id  den i t y  
P (kg/m ) 3 

s , c  
Estimated bubble 0.2 0 . 2  0.125 0.128 0.226 0.196 
f r ac t ion .  6 

Carbon mass 0.01 0.0012 0.00 15 0.0011 0.0056 0.0023 
f r ac t ion  i n  
t h e  b e d ,  Y c  

surface 
(mole ppm) 

= 
XNn a t  bed 38 0 50 0 7 17 56 1 - 2  595 

BET spec i f ic  1 . 5 ~ 1 0 ~  6x105 6x  l o 5  6x105 6x105 
su face of char 
( m  /kg) 5 

6x105 

*The char s ize  d i s t r ibu t ion  in the bed f o r  Run No. A14 is assumed t o  be the  same a s  the  
feed s i z e  d is t r ibu t ion .  

**Run No. C27 used staged addi t ion of the  combustion a i r .  
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HEIGHT ABOVE BED ( m l  

0: DESCENDING 
PARTICLE DATI 

HEIGHT ABOVE BED (m l  

FIGURE 2. DESCENDING PARTICLE FLOW RATE VS. FIGURE 3. PARTICLE DENSITY, ASCENDING FLUX, 
HEIGHT ABOVE THE BED. COMPARISON AND DESCENDING FLUX VS. HEIGHT 
OF MODEL PREDICTIONS WITH 
EXPERIMENT. 

ABOVE THE BED. 
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Run No C22 
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Ta = 1134 K 
X o 2 ( z  = 2.25 ml = 5.1 mole 
3, = 1120prn 
Y, = 0.12 w t  % 

i 2 3 4  

Helght Above Distributor (rn) Helght Above Distributor ( m )  

FIGURE 4. MOLE FRACTION NITRIC OXIDE FIGURE 5. MOLE FRACTION NITRIC OXIDE 
VS. AXIAL POSITION VS. AXIAL POSITION I MEASURED I MEASURED 

-CALCULATED -CALCULATED 

260 



t 

, , I  I I I I 1 1  

1100- I - 

I Run No, C26 
1000 - I SUBBITUMINOUS COAL - - 900- I u g  = 0.80 m/s - 

E I Tg = 1 0 5 0 K  
2 BOO- 

100 

'ii 900 

Z 700 

5 8 0 0  
0 

600 

500  -_ 

a 

d 4 0 0  
I 

- 

3 0 0  - - 
200 

100 

- 

- 

I 
I 

- - 
I ] ,  I , I ,  I 

Run No. C28 
SUBBITUMINOUS COAL 
u,, = 0.86 m/s 

100 

T i  = 1040 K 
XO (z 4.1 m l  = 1.5mole% - 2  
dc = 2 4 0 0 p m  
Y, = 0.23 w t  % 

I - I 
I 

- 

I 2 3 4 
0- 

0 
Height Above Distributor (rn) 

1100- 

1000 

- 900 

5 8 0 0  
0 z 700- 

.O 600- 

? 500- 

E 

c 

U 

LL 

c 

4 0 0 -  

300-  

200 

I 

FIGURE 8. MOLE FRACTION NITRIC OXIDE 
VS. AX IAL  POSITION I MEASURED 
K CALCULATED 

1 
I 

I 
I 

-- I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- 

- 

- 
- 

I 

FIGURE 7. MOLE FRACTION NITRIC OXIDE 
VS. AXIAL  POSITION I MEASURED 

=CALCULATED 

- 
Ln - 
I 

Run No. C27 
SUBBITUMINOUS COAL 
ug = 0.94 m/s 
Tg = 1095 K 
Xo2 (2 = 4.1 m) = 3.5 mole 
8, = 2 3 0 0 p m  
Yc 0.56 W t  % 

I 

Height  Above Distr ibutor (m) 

FIGURE 9. MOLE FRACTION NITRIC OXIDE 
VS. A X I A L  POSITION 

I MEASURED 
-CALCULATED 

2 6 1  


